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INTRODUCTION 

The puspQoe of this report is to prerrent and analyee data takej 

Defense Division. The data obtained here represents tha sy 

adjusted during numerous fly-by a ~ a t c l s s r  which w e r s  pa 

in r manner La sfmulate the traddng of the rc+entry vshi.@@ 

the actual project FlRE test, There tests were perfotm+ed, 

the &a*$: operator arrd American Opktcal personnel w& 

together to determine the parameter settings at which thfa, 

The re~ults ahown here are not optimum performance 

seleeted performanee artrbliahed to reader "bestn pe 



r 
with the persanal preference. of a-p~ticular traokPng o p q w r .  

- -  - - 

The flexible design and layout of this coatrol rystem allows kha 

rapid modificatbn af gailrs and compensation6 to obtain ~ptimUtlg_~ 

parformanee apecifieationo for a wide range of tasks fram -w6e 

tracking ef o 8t0Z at Earthla rate (.@04O[rrec) up to the full 

Q operattonal capabilities of the mount tg~eeb"r than 20 /ae&.). * 

The data taken aad c2aJ~utations pemformetd show that impravi- 

mcnSs~ af an wder of magnitude ot batter could be obtained 1 
- 

the psrf~rmqode specifications (rate rmoothnee s , etc .) 91 

obtainad in the optimia~tion procedure described above. 

The foUsnkng report Is divided inb three oeletionrs. The lbl&# 

presents a brief mathematical mollel of the system. The 

second de~cribes  the tests prhrrnsd and giass the lp9-s 

spacLflcotions aa determined from thees testa. The f.k 

contain$ the data and calculations as ed to reduce this. .dat 



UTHEMATXCAL MOPEL 
. . 

In the fellowing oection a eimpli-fied model of the ry$tBm 

with omphasir on the velocity Serve loop wiU. be d~valapade 

The telespectrcrgraph control qs torn  provides t w o  ba.@"ic m o  

of operation, s position mode and a velocity mode. The ba 

servo loop in both modes la  a differential feedback (tachomkte$&- 

velocity loop with the command rfgnal applied to this 1 

being derived from a manually operated joy-stick in the ve 
* 

mode and from an error sig-janalnal-dgA.ived from as&! -- 
. 3 . - . - , v w  . '  

remote command synchro~ in the position mode. 
" 

diagram of the ==tire opskm i a  shaffin in Figure 

The velacity r a t v ~  loop conrtsta of a r e a  basic elements 

comprmorHon ampfSti ar  which provddca variable o 

penratlcm , ttue power  amplifier and hydraulic driv 

conju~ct ion with the ma&&, a d  €he tachometer f 

Figure 2- 2 a ho&s the csmperrsatioa ampliff cr schematic. T&d 
- 

values of C1 and 6, are made variable by front panel 8witchOa 

to allow ffor rapid compensation adjustment . * 



Figure 2-  1 
Syr tern Block Diagram 

miwh 
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Figure 2-2 
C oaapenaatlon Arnpiifiet 

Referring, tcl Figure 2-2 and making uus ef the relationship 

where 

E, = Amplifier output 

*in = Amplifier input 



Zf 3: Amplifier feedback impedance 

Li  Amplifier input impedance for Sin 

a d  Zr a d  Z: arc defined am the short cireuit irnoedaaces. 

the fai lowing transfer functions relating the inputsa to the 4 

mtputlp may be obtai.nad, 

I E 1 1 R, Cl + 1 command - -. I 
I 
! 

O r  raturnisg to t he  system M a c k  diagram Figure 2 -  1 the 

faUctwing trsrwfer functions are applicable: 



%if SEEYO : MOTOR ' f -d 
3 VALVE V A L V E  

O +  
PL3 WER 
AMP. 

1; 
The mount drive system may be f'&'pSr63ented by the ruock - 

diagram shown below: 
- .. 

Th6 relationship between Ebe f e f v o  v a l v e  output and the load 

q l s  rp ir repreasentea by 

where 

rad/eec 
kv ' valve rator velwi2.y gradient - - 

in 
9 

- -  4 
* 

in- lb 
Kp Gadre rotor torqua, gradient) -- ?.-~ -* in -n 

in-lb -- --I 
a s2 

wn- = - {I +UKv/Kp)  =resonant frequency 891- 
VJ 



I = Bulk modulus of fluid 
I 

rotor displacement &3/rad 
! 
i 

A total inertia. in-lb-rsc. 

The valve r o l w ~ i r l .  inkroduce~ time r;ansta&s af the farm ? 
- w 

I 

where. 

, g., . *, = mechanics damping and resonant frequency of I 
solefi~id, relaled 50 maits, dam~ina: . and snrlllg I 

cowtarit of valve .  

in thia case, taince prow r feedback techniques remove all 
m 

pabs and zero's w e l l  beyond those contributed by the sclend& 

x and, valve s y s tern. 



- 
The t o m  tr~nsfaz function of the selsnaid, valve ,  power ' 

amplifier and lead can be represented by the product of the 

compmmnk transfer f une tion* a# belctvu, 

Ln genarat tM poles contributed by Te and W s  are located far, - I 
sut tn the S plane and can be igaore-d. Thie results in a -&. 
t ~ m a f e r  function of the form 

- -  -23 

e m -  

e i . .  ' 

if tbe t r a d e s  functians of &be vatlioua comporzents of the 

velocity loop are rnullipllzd'tolether the total open toop 

response ie  obtained.' The rerult af thie transfolrm 

ia: 

-A-W'ERICAN' OPTICAL CO - -- . . 
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TESTS AND TEST RESULTS 

ZN the fslhwing sectlaas the various testa perfarmed on - 

the system are described and the system ~pecSftcations 

- painto were monitored during all tests to insure against 

amplffist saturation during any teat.  

The open loop frequency .rerponcPe data war abtained in 

Pllvo she)cti~ns. The response a5 the power amplifier, servo 

value, laydralcrlic rnotar and serva mount was ~btained 
-.'m 

erplrb$fiklly instrumenting the system i s  shown in 
* 

Figure 3-f 
Open Loop Frequency Reeponre 

Tdl t  

C .  
m i -  

. - 
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the trarxsfcr fusrctiwn af the cornpeneation netw@rb rraund the 
. . . . . . - 

wperimea.tai tests on the rest of the ayotern. There calculatio 

ars shown in Section 4*  1. From the resulting.oyrstem open 

~ereults a le  eukrnarf aed bclcrur. Figures 3.1.2 and 3.1.3 dh 

the Bade, plots o b l a k ~ ~ ~ d  from this teat. 



Cfan~ed LoDp Fre~mncp Response 
-- - - - - - = - 

meter output velhge for waslow input frsgueacies aer show 
I - 

G ~ i n  Margin: 

Grn = 14 db 

VdwE'ty Error CaeEldient: 







Figure f ,2, f 
C'lsoed Lerr;p Fz~queacy R arpasure 

- ' +r 

- - -  - -  - - 
- - Tba s 2 9 e s d ~ ~ p  ~ @ ~ P @ ~ ~ B . ~ I  z?QL~!!~ f ~ o m  t 

w 

CNARr 
J=-axme : 

w - - 
I 
-. 
w 

- - 

he apen loop 1 - - 
- - 

E ~ % C Z Q I I F C ~  reeporue urals dra- calcdatad iron the relation- 

differ from She maasm~ad results due to the fact that unity 

feedback is aeaumed in the ealculotfoa whi le  the rnsaw&S.e!_- 
- - -  - -  
- - 

- -- -- 

- -  -4  



- - - - - - -- 

s y ~ t s m  b r c  foodback equal tct the goln d the c o m p e i a i ~ c  

. . - 
h g  p f a b  ha% hasn p$ac ad at the -- --: 

k q u t  to 5km baa this W&re~ru=e ir just [uines the time - 4 .. 
conrrkantr eazi be nedaetcrd). Both oloocd Loop seepernee 

shoma .in Fllguras 3.Z . t  and 3.2.3. The hrrdwi#ba ae 
6 

oba;pfnQd tviava Ute elr~perirne y obtained clrreled loop data 
. - -  

are aa follawra: 
' '_ 

Open Loop Qttrg Respa~ga Tm~t  

plarrfjermmce capabilities of the mount a d  drive: ayetern, step 

aofkzkgr ingtata mere appIiedSa the haput of the Pawar Amplifier 

%.&th this yeloeity ale~r,g, &ap -en. The tach output voltage9 
- I  

were  then re(corded ars Pargar itad larger etep inputs were - .  1 

zppild u* bo further inercaae in .rcelsrrtion and rnox~kkm~ 
1 

valocity was noted when tho arnplltrds d the strp w a s  increase! 
I 
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Maximum velocity 
- -  

Clor,ed hoop Steg R Reoponoa Teprto 3 
a 

The purpose of the closed loop step response test was prima-" 

to determine the minimum velocity a t  which the mount could 

commanded to rotate. Other information which can be obtai: 

from the data obtained in  this teet are rate amoothneee a t  low 

rates and syatem Bandwidth. In thicl test a step input was 1 
applied to the closed vftlocity loop and the output was recorded. , 

on the strip chart recorder as shown in Figure 3.4.1. 

p1iguxe 3.4.1 
Fl& ed-Liqp Step: R.9 rrp0.e e T-ee't 



apperJrlhsrx .rractlern ta a fly-by alth high m & ~ d t h s  a d  

F. accsleratlono with  nu attempt to optimize minhtons 

r e ~ p i ~ n e e  or y?jkaCJtjB am;~ot$aorrr. Prom esimlmation of 

t b  ;open k o p  frequency rstponm ik is strldeat twl; a con- 

I. m.lderalrla increase. Cn ItM d-E gain of h sy atem along 

llon s&bkrltacs codd Be c which w o d d  retain  the eyatem 

. . 

03Jrndwidtbi, gsln,=rgh, r d  phases m u g  

d-c p i n  wcluld 8 k n  pravidb both Smcrearred KP and decreased 

bath ths mfaimurn rtmponsc and valcrc 
1- * 

L tica. 

T b  rerubte of Wr temt showd the following ryrkern 

mc-harai~ter.fgtics. 

. - 

Aaimuth Axis 

MLrzh~rxs Veboc Sty R sspnms 

3ihmEwLdtR 

. .  . . . .--  
. - 

- .. - 
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In this t e ~ t  data was taken to obtain a plot of Velocity loop .- 
. . 1- - - 

d-c input versus jay-stick ~ei?iectlon. This data w a s  taken 

wlthout the aided tracking circuit to obtain a correct  curve 

of deflectisrz versus d . c .  output voltage. The results of 

this test a r e  plotted in Figure 3.4.1. 

The semi quadmfk response shown in this curve warn sclectsd 

by the operator when given the choice of this responae or a 

purly liwnr rs spanee. This type of curve  allows higher 
.. 1 -4 

resalution of ratttsl in the low and intarrpgdi@e raege and al lowr a 

rapid changes of velocity at the higher ranges. This xesponse i d  

achieved by rneane of a diade wave shaping circuit placed - at ! 

. . .  output of the demodulator filter.  

. . 





Asimuth AxLe 

vmax e: 4.z0/oec 

Elevation Axis 

I. 
- 

ed thasa Laslto axe srhawaiorjfg&rs 3,'&.S aad3.6.2. 

With tho @&&uet&~n valtagis shown in these curve3 the oaturatij 
7 

or rneximthm velocity achieved durirrg pooitioning 'can be obtain! 

@ . C : -  
:; 
r --' 
i - 
I- 
-I 

I - - 
r n  - 
! * 

-. . - - - - .  

'. - 
There are nr5.t absolute maximum values but reprerent the '::. , n 

,and- lMiLing networks in the system at the time of the tes 

. . .  .. . 

- -  - -  - . -.. .-  
- .-- . -- - 

. . -. - - 
- - - 

. - 

- -. 
.. . - 

. .. . -9;: * 
-a - - - - .  - 
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Data and Calculations 

- - . - - L  - -  - - 
-11 -.--r-F7 4 

In the follo&lng paragr iThs  the aata and calculations used - 

to obtain the resu l t s  shown in section 3 a r e  presented. 3 I 
- 

7 ,  

- - Open Loop Frequency Response 

T h e p p e n  loop frequency response of the ppwer amplif ier ,  

s e rvo  valve, hydraulic motor,  mount, and tachometer 

were  measured in this test. The data is shown in 

tab1e.s 4.1.1 and 4.1.2 and plotted in f igures  4.1.1 and 

ion 
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Elevation Tach Scale Factor = 163.7 Volto/radian/ sec 
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thus refertng to figure 2.1 

T; I >  

' .- . I L .  
. ,; . 

- - . - Ld' . 
- .  

'I- 1 





Bsferirkg to figuse 2.1 to get the total loop rerpalue 
I 

pkna and m y  be neglackd and the a6eoJ;f;liaa ~ ? b b  of the - - 
:t=l 

Ttrioi Le Sn figure 4,1.3 

TZla aatlra eps;m h o p  r e s p e w  is war amlbbh except I 

I 
2 

far an unk~lswn gain facur. T B b  zn~mrt be f o w d  from the - 
.I 

claead tocap rempaasa data af para 4.2.1 Here we w LU set -. 
t b  poi& at which C 8 @) 3 dh. from .the ~vzilue' sf 1 
C[CsfR(O) ar a ftxed point a d  deuhte ,  the segui~ed 

at that freqwncyr uslag the relationship 

I AMERiCAN OPTICAL COMPANY - - 
- 



Mate thtr wi l l  differ f r ~ m  msarured c l ~ s s d  Eoog response 

thus by adding - the calclPZsited compenurtton ampltfiet 

reaponre to tho experimental mount and drive section 

data a d  aetthg tb gain equal to 4db at 4.5 rad/see 

the total open hop reaporme i r  ~bta ined  and ir ahown 



Than adding &@ ahgee portions sf the ;open; bop rasponst 

t h  told reopcinee is p b t h d  in f i g w e  3.1,3 



. - 
1 

--;=- 

e - 
4.1.3 Error Coaflcfcmts 

recrrprmae mhtx t b  eutput crf the tachometer multiplied 

by Kf ta an ieput -Itage c&mm;trnd. Thus in order to 

r"atsl;l.c Eta a e r d  deftnittan the vekctty error coofietent 

4.2 Clased Loop Frequency Reapcmr e 

$be dab abtrinsd ta clorad loop frequency reapoars 5e.t 

" . 
ka shmm in Tablea 4.2.1 and 4.2.2, The carver plottBd frqn 

. F -  
, . 

Wr data a8 welt a8 a8 clared lsop cutva8 obtained fram 
r - .**i 

F a 

' open loop %bta are - 8h.brr~~ ta Figurer 3.2.2 and 3. 3. 
Y - .  

I 

A-- -- c.= - - - - -  C - - - 
d 



Closed Lalop Frequency Response 



- .  

3 .  -5 

Elewatfen AxSe 

Tocbmeter 7cfofta , 

- f Input~61t i  7:.  '-' 

.. . . I ,  

-. TABLE 4.2 .2  
a * - 



The dab for this test itt s b w n  in tablea 4.3.1 ana 

4.3.2. Maxlrmlrsn vslucity c~clcuulrtions ware made 

usizq the nclrttcmahtp 

... - Tach vslfags {=) 
~ R L & J E  

- 1  

Taeh scals fattar { ~ 0 l t & / ~ / 8 e ~ )  .I 
- Y. '  . 

- r  -*- 
- - - -  - 

i 
irn.-: l&xlmum accclerrtien~ anre obtained from the rektion- 3 

*- 
ship 

"mas a Tach Scale Factor (a/valt-sec) x M 





E lava tion Ax is 

$ 
A4aximum ---- , --y- 

Step fnpvt 1 Tachomstar - ,  \ Max Slope I qeloctty ' Acoela '1 
> ,  n A , O / - - A ~  - 

TABLE 4.3.2 



Closed Loop Step Rerponse Tests 

The reclulttr of the closed loop time domain testa ara 

axls wau run at o very rapid chart speed to allow determina- 

tion of the system Bandwidth from the relt ionohip 

where 

Tr = Riot Time (time required for system to go from 

10 76 to 90 I of final valve) -. 
The rmoothneea data wars obtains" ' divid ie steady 

- :::x 
d h t e  average rate into one-half of the peakto p d , k  sfeii~dy '$-. 

-? ,q 
ripple in order to obtain average to peak information. 

- ,  

-F-r * -  - 

OMPANV 
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Cloerd Lm.@p Step ~eephrn, Z%~#,ta 

Azimuth Axis 

- I ccw .08  I - l.15 - 0 4  i .IS. 
! ! 

.027 ; 69, 

i 1 C W .  - 0 7  I .I6 : , ,I yn.; - 0 5  .22 .033 ; 6$: 
. _ - A ' ,  

1 . . I  -1 ' ! -  I CCW .09 ,, ; . 2  1 06 .16 .027 i 49 
I . .  . - .  

i CW 
I ' ' 1 . .  .LO I - .2  p 1:: . 8 1  . 1 -  

- -  I 
.., . .. CCW -15 

, CCW 
I 

CCW 1 .05 

I GW 1 .05 
I 

& : &---- - =b rb 

j 
,"" *'. --. !-- n W  

cew . O  



r 

4-20 I 

7. I -. F 
- 

I r -  _' .. 
I 
1 
i. C&;rsed Loap Step Respanre Teat 

8 .  

1 

I L 
- - -  = - 

mvxtiant Arts I 

I 

I 

I 

' *La e a3 .RZIS , rn *Of4 ' 55 
f m e  * a, , .P7 ! .#12 I 26, I (5- ;a A3 - @ j g  i *Q"O . - ,916 

I 

1 .  
/ B So e a4 . W$ .A4 -024 , 31 
m? , +$Q +.a e m  ! .l& ' ,1028 3% 
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I 6 m 5 S  
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rirB : $ a @  , -65 .3a - 3  05 ' g$ 
Q O P D ~  3 * 3 t, t .a ,4 . a? $6 
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Table 4.5.1 

Deflsctions Output 
- . Wl" 

mv 
rnv 
mv 
mv 
mv 
m v  
rnv 
M V  

mv 
rnv 
m v  
m v  
mv  
m v  
mv 
rnv 
m v  









SPACE - DEFENSE DIVISBON 
PITTSBURGH, PENNSYLVANIA 




